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How magnetism emerges in low-dimensional materials such as transition metal dichalcogenides
at the monolayer limit is still an open question. Herein, we present a comprehensive study of
the magnetic properties of single crystal and monolayer VSe2.0, both experimentally and ab initio.
Magnetometry, X-ray magnetic circular dichrosim (XMCD) and ab initio calculations demonstrate
that the charge density wave in bulk stoichiometric VSe2.0 causes a structural distortion with a
strong reduction in the density of sates at the Fermi level, prompting the system towards a non-
magnetic state but on the verge of a ferromagnetic instability. In the monolayer limit, the structural
rearrangement induces a Peierls distortion with the opening of an energy gap at the Fermi level and
the absence of magnetic order. Control experiments on defect-induced VSe2−δ single crystals show
a breakdown of magnetism, discarding vacancies as a possible origin of magnetic order in VSe2.0.
I. INTRODUCTION
Since the discovery of graphene [1], much scientific ef-
fort is concentrated on the characterization of purely two-
dimensional (2D) materials. In particular, the family of
layered transition metal dichalcogenides (TMDs, MX2:
M=Nb, Ti, V,... X= S, Se, Te) is attracting great at-
tention [2–5] since emergent phenomena driven by novel
electronic, optical and quantum many-body properties
at the 2D limit could lead to new applications [6]. Con-
trol over the material thickness down to the monolayer
limit has been accurately achieved by mechanical exfo-
liation [7], chemical vapor deposition and layer-by-layer
Molecular Beam Epitaxy (MBE) [8, 9], revealing that
collective quantum ground states, coherent modulation
of electronic periodicities [10], superconductivity [11], op-
toelectronic and valley excitonic physics [12–15] survive
down to the atomic scale.
Nevertheless, long-range magnetic ordering in low di-
mensions has been elusive for decades. Theoretically, the
Mermin-Wagner theorem [16] prohibits long-range mag-
netic order in the 2D isotropic Heisenberg model at fi-
nite temperatures if the system is spin-rotational invari-
ant. Nevertheless, Ising-type ferromagnetism has been
observed in a purely 2D material [17–19], paving the path
for future spintronic applications. Moreover, simple de-
fects in a host lattice strongly alter both macroscopic and
local properties of the system. Magnetic order from dis-
order has been observed to emerge in Bose condensates
upon substitution of non-magnetic ions by spinless impu-
rities [20], Kondo systems [21] and in highly oriented py-
rolytic graphite (HOPG) [22], demonstrating that grain
boundaries, vacancies and point defects can act as mag-
netic nuclei in a non-magnetic matrix [23].
Recently, a strong ferromagnetic (FM) signal at room
temperature has been reported at the monolayer limit
of the 2D van der Waals system VSe2 [24], broadening
the sprectrum of 2D materials hosting magnetism in the
ultrathin limit [25, 26]. van der Waals stacked layers of
VSe2 consist of 6-fold coordinated V atoms crystallizing
in a trigonal (1T) structure (P3m1 space group in the
normal state, NS, Fig. 1(a). As many TMDs [27, 28],
both transport [29, 30] and diffraction [31] show that
bulk VSe2.0 develops a 3D charge density wave (CDW)
below TCDW ∼ 110 K [32] with a new commensurate
4a × 4a × 3c lattice periodicity [29, 33, 34]. A pseu-
dogap appears at the Fermi surface [35] and the system
remains paramagnetic [29, 35–37]. Remarkably, TCDW
increases at the monolayer limit [7] and a gap opens at
the Fermi level [9] with a controversial magnetic behav-
ior for exfoliated [7] and MBE-grown monolayers [24].
However, a consistent picture about the microscopic ori-
gin of magnetism in VSe2.0 and the development of FM
order in this non-magnetic material in 2D is still lack-
ing. In part, this is a consequence of the proximity to
electronic and magnetic instabilities which can balance
the competition between ground states in the 2D limit.
Angle resolved photoemission (ARPES) [10] and scan-
ning tunneling microscopy (STM) [8] have revealed an
electronic reconstruction of single layer VSe2.0 compared
with the bulk counterpart, without a detectable FM ex-
change splitting, casting doubts on whether magnetism
originates from an induced band structure spin splitting
caused by dimensionality reduction or extrinsic defects
come into play. Indeed, previous density functional the-
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FIG. 1. (a) Layered structure of VSe2.0 in the P3m1 space group. V atoms are represented as red spheres and Se atoms
are shown in green. (b-c) Temperature dependence of the magnetization for stoichiometric VSe2.0 and Se-vacant VSe1.8
single crystals. The charge density wave transition temperature (TCDW ) develops a kink in the magnetization curve. (d-e)
Magnetization vs field for VSe2.0 and VSe1.8 single crystals. Inset, zoom-in of the low field magnetization highlighting the 0.03
T hysteresis for VSe2.0. No hysteresis is observed in VSe1.8.
ory (DFT) calculations [38–41] found a FM ground state
for both bulk and single-layer VSe2.0. However, these
DFT calculations do not take into account the effect of
the CDW structure and hence, the electronic reconstruc-
tion and the effect of impurities are largely overlooked.
In order to shed light about the nature of the magnetic
ground state in VSe2.0, we have carried out a compre-
hensive theoretical and experimental study of bulk single
crystal and monolayer VSe2.0. We report that, due to
the reduction of the density of states (DOS) at the Fermi
level caused by the opening of the CDW pseudo-gap, bulk
VSe2.0 is close to a ferromagnetic instability, which can-
not be induced by defects or vacancies. Besides, mono-
layer VSe2.0 shows a Peierls-like distortion that opens a
full gap at the ultrathin limit, preventing the system to
develop a long-range ferromagnetic order, in agreement
with recent reports [10].
II. EXPERIMENTAL AND COMPUTATIONAL
METHODS
Single crystals of VSe2.0 and VSe1.8 were grown by
chemical vapor deposition following previous reports [30].
5% excess of Se for VSe2.0 and stoichiometric V:Se (1:2)
for VSe1.8 was used during the synthesis. V:Se ratio
was measured by Energy-dispersive X-ray spectroscopy
(EDX). Single layer VSe2.0 was grown by MBE on epi-
taxial bilayer graphene on Silicon carbide (Si-C) and
highly oriented pyrolytic graphite (HOPG) substrates in
a ultrahigh vacuum chamber with a base pressure of ∼
1×10−9 and 250◦C. After the growth, three minutes post-
annealing in Se-rich atmosphere was carried out to fill in
the Se vacancies. A Se capping layer was deposited after
cooling to prevent oxidation and was in situ evaporated
for XMCD experiments. Magnetic measurements on Se-
capped VSe2 monolayers grown on diamagnetic bilayer
graphene/SiC were carried out in a SQUID magnetome-
ter up to 7 Tesla. X-ray magnetic circular dichroism
(XMCD) at the V L2,3-edge up to 6 T was performed
at the BOREAS beamline at ALBA synchrotron [42].
Cluster calculations were carried out using crystal field
theory implemented in the QUANTY code [43, 44] for
the atomic-like 2p6 - 3dδ → 2p5-3dδ+1 transitions. First
principles DFT ab initio electronic structure calculations
[45, 46] were performed using an all-electron full poten-
tial code (wien2k [47]). The exchange-correlation term
for the bulk structure was the generalized gradient ap-
proximation (GGA) in the Perdew-Burke-Ernzerhof [48]
scheme. The LDA+U method was used for the 2D case
[49]. The calculations were carried out with a converged
k -mesh and a value of RmtKmax= 7.0 and a Rmt value of
2.12 a. u. for both V and Se. Transport properties were
obtained with the BoltzTrap2 code [50] using a denser k -
mesh, solving the Boltzmann transport equation within
the constant scattering time approximation.
3III. RESULTS
The paper is organized as follows: first, we present the
experimental and theoretical results obtained for bulk
VSe2.0, followed by showing the results for the system at
the monolayer limit. We have compiled the discussion
and conclusions in section IV.
A. Bulk VSe2.0
Plotted in Fig. 1 (b-c) are the temperature dependence
of the magnetization for VSe2.0 and VSe1.8 single crys-
tals. Following previous reports [29, 30], the charge den-
sity wave transition is identified as a kink in the magnetic
susceptibility; at 110 K for VSe2.0 and 55 K for VSe1.8,
evidencing the drop in transition temperature upon in-
troducing Se defects. Interestingly, the field dependence
of the magnetization shows 0.03 T hysteresis for VSe2.0
(Fig. 1d and inset), similar to that reported in mono-
layer VSe2 [24], but absent in single crystals of VSe1.8
(Fig. 1e). Nevertheless, neither the magnetization of
VSe2.0 nor VSe1.8 saturates at 6 T. Taking into account
the higher density of vacancies in VSe1.8, the small hys-
teresis observed in VSe2.0 could arise from Kondo impu-
rities [51] or phase slippage of the CDW [52].
To identify the source of magnetism in VSe2.0 sin-
gle crystals, we have carried out x-ray magnetic circular
dichroism (XMCD) at the V L2,3 edge at 6 T (Fig. 2).
As shown in Fig. 2(b), a small XMCD signal, defined
as (σ+-σ−), can only be detected in VSe2.0 at the L2,3
in grazing incidence geometry (GI) at 6 T, suggesting
that small moments are in-plane aligned. On the other
hand, no significant dichroic signal is detected in VSe1.8
for normal and grazing incidence geometries. Compre-
hensive transport data highlighted the Kondo effect in
VSe2.0 single crystals below 40 K [51], thus, the small
magnetic dichroism at the V L2,3 edge can be assigned to
Kondo impurities. Nevertheless, the small XMCD signal
precludes us to retrieve a hysteresis loop from the mag-
netic dichroism experiments. Further, the introduction
of Se vacancies seems to be detrimental to magnetism.
In order to obtain a deep understanding of the elec-
tronic and magnetic ordering in single crystals of VSe2.0,
we have carried out ab initio calculations, both in the
normal (NS) and CDW state. ARPES and X-ray diffrac-
tion [29] have found a 3-dimensional CDW below 110 K,
leading to the opening of a pseudo-gap at the Fermi level
at ( 14 ,
1
4 ,
1
3 ) reciprocal lattice units [53]. To take this
into account in our calculations, we have computed a 4a
× 4a × 3c supercell. Therefore, the introduction of a
periodic lattice distortion may affect the calculated DOS
at the Fermi level and hence the magnetic properties of
this itinerant electron system.
Since VSe2.0 is an itinerant-electron system, one can
make use of the phenomenological Stoner model [54] to
(a)
(b)
FIG. 2. (a) XAS spectra for single crystal VSe2.0 with circular
positive σ+ and σ− polarized light at 2 K, 6 T and grazing
incidence geometry (70◦ off with respect to the c-axis). (b)
XMCD spectra for VSe2.0 and VSe1.8 single crystals at 2 K,
6 T and normal (NI) and grazing (GI) incidence geometries.
Only a small dichroic signal is discernible at GI.
analyze how close the system is to a magnetic instability.
The Stoner theory compares the energy gained by the
system via a spin splitting to the kinetic energy cost pro-
duced by displacing minority-spin electrons into a higher-
energy majority-spin band. Only when the overall energy
gets reduced, an itinerant electron system becomes spon-
taneously magnetic. The Stoner criterion states that:
Stoner criterion
{
FM, if I ·DOS(EF ) > 1.
Non-magnetic, otherwise.
(1)
where I is the exchange energy between the Bloch d -
band electrons, the so called Stoner parameter [55]. Itin-
erant ferromagnets such as Fe, Ni and Co present values
of I ·DOS(EF ) ranging from 2.5 to 3 [56].
It follows from the energy (E) vs magnetization (M)
curve that the bulk normal state yield a FM ground
state with a broad minimum around at 0.6 µB per
4FIG. 3. Top view of VSe2.0 bulk structures. V (Se) atoms
are represented as big red (green) spheres. a) NS structure
in the P3m1 space group. b) A modulated 4a × 4a × 3c
supercell of the CDW state. c) Energy as a function of the
magnetization for the bulk VSe2.0 for the NS structure (blue
line) and CDW state (red line). The minimum at 0.6 µB
per V atom indicates that the magnetic solution is the most
stable in the NS. At low temperature, the minimum-energy
configuration is a non-magnetic CDW ground state.
V atom, (blue line in Fig. 3c), with E = (1 −
IDOS(EF ))/DOS(EF )M
2 + kM4 and k is a fitting pa-
rameter independent of I [55]. The Fermi level is located
at n = 0, where n is the number of electrons per for-
mula unit and n > 0 (n < 0) implies hole (electron)
doping, and the carrier concentration was calculated us-
ing a rigid-band approximation by integrating the total
DOS of the non-magnetic calculation. In Fig. 4a, we
show that the Stoner criterion for FM is satisfied for -
0.5<n<0.5. However, any perturbation to this system
leads to a small reduction in the DOS at the Fermi level
and to a non-magnetic state. Previous ab initio studies
have shown that a reduction of the FM moment can be
achieved by strain engineering [39].
The optimized atomic positions at low temperature
(CDW state), taking into account the new lattice period-
icity [29], are plotted in Fig. 3b, showing that the short-
range hexagonal symmetry is lost. The CDW structure
calculated ab-initio is 28 meV per formula unit more sta-
ble than the NS structure resulting in a strong reduction
of the DOS at the Fermi level (Fig. 4b) and a quenching
of the FM moment as compared with the NS (Fig. 3c).
Experimentally, a significant enhancement in the See-
beck effect is observed at the transition from the NS at
high temperatures to the CDW state below 110 K, due to
the opening of a pseudo-gap at the Fermi level. In Fig. 5
FIG. 4. a) Stoner criterion for the NS structure as a function
of the number of electrons introduced per formula unit. In the
NS, VSe2.0 is FM but close to a non-magnetic state. b) DOS
around the Fermi level for the bulk structures. Red (blue),
DOS of the CDW (NS) state, showing a reduction of the DOS
in the CDW state and the breakdown of the magnetism in the
charge ordered state.
the computed thermopower of both the NS (blue dashed
line) and the CDW (red line) structures is compared to
the ones in the literature [30] (black points), evidencing
that the relaxed structure can be modeled reasonably
well with the CDW state found experimentally. Despite
the coarse fitting at low temperature, an enhancement of
the thermopower with respect to the NS is also obtained
in the theoretical simulations within the constant scat-
tering time approximation. This is further evidence for
the reliability of modelling bulk VSe2.0 in its CDW phase
using a 4a × 4a × 3c supercell.
B. Monolayer VSe2
Figure 6(a-b) shows the atomic force microscopy
(AFM) image of high quality monolayer VSe2 grown on
HOPG and Si-C, respectively, with typical heights of 6 A˚.
The field dependence of the magnetization (M [H ]) at 300
and 5 K for VSe2.0 grown on Si-C substrate is presented
in Figure 6(b). The magnetic curves show a negative
slope characteristic of the diamagnetic signal from the
Si-C substrate, without indications of saturation or hys-
teresis, ruling out any magnetism coming from the VSe2
monolayers, at least within the limit of detection of our
5FIG. 5. Thermopower as a function of temperature for bulk
VSe2. The black points show the experimental measurements
from Ref. 30. The red and blue lines show the calculated
thermopower for the 4a × 4a × 3c supercell (CDW state)
and for the P3m1 cell (normal state).
setup. Besides, XMCD at 6 T shows no magnetic dichro-
ism neither in normal nor grazing incidence, as shown in
Fig. 6(d-e). A careful comparison between the XAS spec-
tra of the single crystals and the monolayer also reveals a
broadening of the L3 edge in the ultra-thin limit, presum-
ably as a consequence of the electronic reconstruction in
the 2D limit.
To estimate the theoretical dichroism expected for a
d1 system, we have carried out cluster calculations in
the cubic and trigonal crystal field for the atomic-like 3d
transitions using QUANTY. The code incorporates the
intra-atomic 3d -3d and 2p-3d, magnetic exchange inter-
actions, the atomic 2p and 3d spin-orbit couplings and lo-
cal crystal field parameter and Coulomb energies (Slater
integrals) obtained within the Hartree-Fock approxima-
tion [57].
Figure 6d and 6(f-g) shows the experimental and the
simulated isotropic spectrum, defined as σ++σ− as a
function of the crystal field 10Dq expected for spin-
1
2 in
a trigonal and cubic symmetries. To simulate the mono-
layer VSe2.0 spectra, we used 40% of the atomic values of
the Slater integrals in the Oh and C 3v symmetries of the
V sites. As shown in Fig. 6 (f-g), the crystal field cal-
culations for spin- 12 V
4+ reveal a finite, but crystal-field
dependent, 10Dq, magnetic dichroism. Strain effects in-
duced by the HOPG and SiC-graphene, which might al-
ter the crystal field parameter, are found to be negligible
in 2D monolayer TMDs. Therefore, the absence of mag-
netic dichroism in single layer VSe2.0 points to a strong
electronic renormalization at the ultrathin limit. In fact,
screening effects are enhanced with respect to the bulk
VSe2.0, thus leading to an additional renormalization of
the DOS. Indeed, the CDW phase is observed at T 2DCDW
> T 3DCDW [7], revealing an enhancement of the electron-
electron and electron-phonon interactions in 2D. Further-
(a) (b)
(c) (d)
(e) (g)(f)
FIG. 6. (a-b) AFM images of monolayer VSe2 grown on
HOPG and Si-C. (c) Magnetization vs field for VSe2.0 on Si-C
at 5 an 300 K. (d) Experimental XAS spectrum for ultrathin
VSe2 for σ
+ (black) and σ− (red) polarized light and the cal-
culated isotropic XAS spectra for Oh and C 3v symmetries.
(e) Experimental XMCD of VSe2 on Si-C. (f-g) Calculated
XMCD spectra for C 3v and Oh symmetries as a function of
the crystal field splitting, 10Dq.
more, the hopping parameter, t, between layers vanishes
and, hence, the ratio between the on-site Coulomb re-
pulsion and hopping, U /t, increases.
Following ARPES experiments [8, 10], the ground state
of monolayer VSe2.0 is characterized by an energy gap.
However, the electronic modulation of the CDW remains
under discussion [8–10]. We present calculations on a 2a
× 2a supercell in order to understand the possible elec-
tronic reconstructions that may occur in the 2D limit
when a periodic lattice distortion takes place. Figure
7(a) shows the evolution of the energy gap in the whole
Brillouin zone as a function of U for a fully relaxed 2a ×
2a supercell of the monolayer. At reduced values of U, a
metallic FM structure is stable. However, for U greater
than 2.7 eV a non-magnetic CDW is formed and, con-
sequently, an energy gap appears in the whole Brillouin
zone, in agreement with experiments [10]. The calculated
band structures for the non-magnetic-monolayer NS and
CDW state are shown in Fig. 7(c). If no structural insta-
bility is present, the d -band crossing at the Fermi level
and the high density of states (blue dashed line in Fig.
7(d)) leads to a FM metallic state. Nevertheless, the
6FIG. 7. Results for the monolayer. (a) Mapping on U. The
structure was fully optimized for each value of the Coulomb
repulsion. At low values, the metallic FM NS structure is the
most stable. For U> 2.7 eV, a non-magnetic gap opens and
the CDW stabilizes. (b) Structure schemes: NS on the left,
each V atom has 6 neighbors at the same distance. CDW on
the right, a tetramer is formed in a 2a × 2a supercell. The
tetramer bonds are depicted in gray. (c) Band structures: On
the left the NS, a d-band crosses the Fermi level producing
a FM metallic state. On the right the CDW, the tetramer
forms of two bonding and two antibonding bands, opening a
gap and quenching the magnetic moment. (d) Comparison of
the DOS of the NS monolayer VSe2 (blue dashed line) with
the CDW state (red line).
structural transition associated to the CDW, depicted
in Fig. 7(b), drives the system towards a Peierls-like
distortion with a tetramerization among 4 V atoms. A
comparison between the DOS of the NS structures both
for the bulk and the monolayer reveals that decreasing
dimensionality increases the DOS at the Fermi level, the
bands become flatter due to the absence of the off-plane
hopping. In general, for itinerant systems, this would
be a mechanism to enhance the stability of a FM phase.
However, due to the CDW state, the 4 d -bands in the 2a
× 2a supercell hybridize forming 2 bonding and 2 anti-
bonding bands (right side of Fig. 7(b) opening an energy
gap (red line in Fig. 7(d)) with a concomitant quenching
of the FM moment.
FIG. 8. Calculated DOS for the monolayer. (a) DOS for
different strain values of the lattice parameter for the mono-
layer single-unit cell. A substantial change in the DOS at
the Fermi level is not observed. (b) Effect of Se vacancies
on VSe2.0 DOS. Including vacancies reduces the density of
states at the Fermi level and hence decreases the possibility
of having a FM phase.
Finally, in order to study ab initio the effect of strain
and Se vacancies in the monolayer limit, we have com-
puted the DOS for different strain values and also car-
ried out similar calculations including Se vacancies in
a V:Se ratio similar to our single-crystal experiments
(Fig. 8). We have performed spinless calculations in
the NS and shown that the DOS is not substantially in-
creased (mostly reduced) with respect to the unstrained-
stoichiometric NS monolayer VSe2.0. The effect of strain
and Se vacancies can be seen in Fig. 8(a-b), suggesting
that neither strain nor Se vacancies will induce a FM
state in single-layer VSe2.0, as discussed above in our ex-
periments for the bulk case.
7IV. DISCUSSION AND CONCLUSIONS
Recently, transport and magnetometry experiments
have reported a FM ground state for monolayers of VSe2
grown on different substrates [24]. This is in agree-
ment with previous DFT calculations that have pre-
dicted the emergence of a FM ground state for mono-
layers of VX2 (X=S, Se) [38–41]. Our combination of
experimental data, including magnetization and XMCD,
find a small ferromagnetic signal for stoichiometric bulk
VSe2.0, which may arise from Kondo impurities inter-
calated in the van der Waals gap. Naively, the Kondo
mechanism gets inoperative when reducing the dimen-
sionality of VSe2.0 down to the ultrathin limit, thereby,
any magnetic state driven by impurities can be discarded.
In the bulk case, ab initio calculations show that a CDW
phase of the periodicity found experimentally destroys
magnetism and is the ground state structure.
Following our XMCD data and DFT calculations, we
have found a non-magnetic ground state in monolayer
VSe2, in agreement with recent ARPES data [8, 10] that
demonstrates the absence of spin-polarized bands in the
monolayer limit [10]. In addition, defects are shown to
be detrimental to ferromagnetism, unlike the emergence
of the vacancy-induced magnetism observed in graphite
[22]. Nevertheless, despite our DFT calculations find a
drop of DOS at the Fermi level discarding a possible
FM state, the effect of intrinsic disorder in monolayer
VSe2.0 has to be carefully studied experimentally, since
high density of vacancies, anti-sites, substitutions, edges
and grain boundaries can dominate the materials' prop-
erties.
In conclusion, we have studied experimentally and the-
oretically the ground state of bulk and monolayers of
VSe2.0. Our DFT calculations predict that the ground
state of bulk VSe2 develops a commensurate lattice dis-
tortion with a 4a × 4a × 3c supercell that reproduces the
variation of the thermopower at high and low tempera-
ture, demonstrating the importance of considering the
correct ground state structure when performing ab initio
magnetic studies. This structure is shown to be related
with the CDW phase that has been experimentally de-
tected at low temperatures. Our DFT calculations for
such a ground state show that FM is destroyed by such
distortion, VSe2.0 being a paramagnet in the bulk but on
the verge to a magnetic state. In the monolayer limit,
a periodic lattice distortion (2a × 2a) associated to the
CDW state opens an energy gap through a Peierls-like
distortion destroying the tendency towards a FM state,
as we have reported experimentally by means of magne-
tization and XMCD. Our calculations suggest that the
origin of the magnetic signal obtained for VSe2.0 cannot
be related to the band structure of the material, either
in the bulk or in the single-layer limit and any magnetic
ground state in the monolayer limit might be associated
to a high density of defects, edges or grain boundaries,
although control experiments in bulk VSe1.8 and ab ini-
tio calculations in single layer VSe2.0 indicate that strain
induced by vacancies work against ferromagnetism.
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